Liquid crystal (LC) droplets attract scientific attention for many advanced applications, including, but not limited to optical and sensing devices. To aid experimental advancements, theoretical calculations have been conducted to quantify molecular driving forces responsible for the collective behaviour of LC molecules within micrometer-size spherical droplets. To quantify the LC molecular anchoring within spherical physical constraints, molecular simulations at atomistic resolution would be useful. In an attempt to bridge the gap between computational capabilities and experimental interest, coarse-grained simulations are used here to study nematic LC nanodroplets dispersed in water. A LC phase diagram is generated as a function of droplet size and temperature. The effect of adding surfactants on LC anchoring was quantified, considering surfactants of different molecular features. When few surfactants are present, they self-assemble at the droplet boojums regardless of their molecular features. All surfactants tested shifted LC orientation from bipolar to uniaxial. When the surfactants have a hydrophobic tail of sufficient length, they cause deviations from the spherical symmetry of LC droplets.
Introduction
Liquid crystals (LCs) are utilized in many technological advancements due to their phase transition properties. As their phase shifts from isotropic to nematic, their optical signature as observed via, e.g., polarized microscopes, changes.
1,2 This
LCs property is ultimately the reason LCs are used in displays, sensors, and other devices. 3 Many researchers investigated how to tune the LC phases via external stimuli; such as electric 4 or magnetic 5 fields, and the introduction of, e.g., block copolymers 6 or nanoparticles 7 to LC-containing systems. Although the results are promising, many molecular-level mechanisms remain to be completely understood, especially the interactions between LCs and chemicals, the anchoring strength, and how these properties are affected by changes in temperature.
Researchers have focused on identifying the molecular mechanisms responsible for changes in LC order, in an effort to quantify the properties of LC-nanoparticle preparations, 8 as well as uses of LC in gas sensing, 9, 10 and optical detection of protein binding, 11 bacteria and viruses. 12 For example, Alino et al. used polyethylene imine -coated LCs to detect proteins such as immunoglobin G (IgG) and human serum albumin (HSA). 13 The proteins were detected by a transition of LC order in droplets from radial to bipolar. These groups reported that to detect smaller proteins it was necessary to reach higher protein concentrations compared to those at which larger proteins were detected. Specifically, because HSA is smaller than IgG, the radial-to-bipolar LCs transition was observed at 100 mg mL dodecylbenzenesulfonate (BR-DBS). 15 While SDS, LDS and L-DBS triggered a planar-to-homeotropic transition for TL205, BR-DBS did not affect LCs orientation, and planar anchoring was reported at all BR-DBS concentrations. Wang et al. concluded that the molecular structure of the surfactants affects the anchoring of LCs, with interactions between surfactant tails and LCs dictating the orientational order. Wang et al. also reported that increasing LDS concentration leads to tail-mesogen interactions that favour homeotropic anchoring of both TL205 and 5CB due to an increase in interfacial surfactant density. Amundson and Srinivasarao considered polymer-dispersed liquid crystal (PDLC) films and reported that the polymer side groups control anchoring. 16 Their results also show that the anchoring transition temperature decreases as the polymer side chain length decreases. Sivakumar and coworkers 12 quantified the ability of LC droplets to detect three bacteria (Escherichia coli, Bacillus subtilis, and Micrococcus luteus) and two viruses (M13 helper phage and A/NWS/Tokyo/67). Detection depended on the ability of bacteria or viruses to change the order within LC droplets. Bera and Fang documented bipolar-to-radial configuration changes in 5CB LC droplets due to charged macromolecules, namely poly-(amidoamine) PAMAM dendrimers and poly(styrenesulfonate) PSS. The results showed that the bipolar-to-radial transition is affected by the macromolecules concentration, and also by size and number of LC droplets. 17 Miller and Abbott also reported on the size-dependency of LC ordering transitions using bacterial lipopolysaccharide endotoxin. 18 Most computational studies in the literature focus on bulk LC properties, 19, 20 LC-solvent flat interfaces, 21 LC self-assembled aggregates, 22 or mixtures of LCs and other compounds forced to maintain spherical shapes. 23 Relevant to this work, Tsujinoue et al. recently studied size and temperature dependency of LC molecules and surfactants trapped inside a spherical cavity. 24 They reported that phase transition temperature depends on the cavity size. Several simulation studies performed by the de Pablo group quantified the size and/or temperature dependency of surface anchoring, which leads to isotropic-to-radial transitions. 23, 25, 26 In our previous study, we modelled three rodcoil amphiphiles as surfactants adsorbed on cylindrical LC bridges. We quantified the effect of amphiphiles morphological differences on the LC anchoring. 27 The results showed that varying the number of hydrophilic coils and hydrophobic rods in such a model surfactant can largely affect LCs' anchoring alongside surfactant tail-LC interactions. Those results depend on the internal elasticity, which tends to preferentially align the director along the axis of the cylinder. Thus, it is expected that the results on a cylindrical bridge are significantly different than those on a spherical LC droplet. In this paper we systematically study LC molecules assembled in spherical nanodroplets. We quantify the effect of temperature and surfactants on the alignment of the LC molecules.
In experimental works, LC droplets vary in size: while emulsion studies focus on LC droplets of 4-8 mm size, 12, 28, 29 or as large as 40-60 mm, 13, 14, 30 polymer-dispersed LC (PDLC) droplets can have size as low as 250-650 nm, 31 and in some cases even 20 nm. 32 It is known that different size droplets could yield different LC ordering under similar conditions. 33 Gupta and co-workers stated that as the droplet size decreases from 3 mm to 700 nm, droplet order changes from bipolar to radial, respectively, and characterization was not possible for smaller droplets. 33 Simulations could perhaps help predict order in such nm-size LC droplets.
In this work, we use molecular simulations to quantify the LC order as a function of droplet size. A coarse-grained simulation approach is implemented to observe the properties of LC systems at length-and time-scales larger and longer, respectively, than those accessible via atomistic simulations, although smaller than those accessible to continuum theory calculations. The length scale of our study fits in between the two extremes identified by Tomar and co-workers, 25 who showed that when a certain anchoring strength is applied to mesogens at the surface of a LC droplet, ordering (radial or bipolar) depends on the droplet size. A droplet can be large enough for the total ordering driving force to be bulk-induced, or small enough for it to be surface-induced. In our systems, it is expected that surface effects are dominant; these effects could be manipulated by the presence of surfactants that preferentially adsorb at the LC droplet-water interface.
It is important to note that in continuum theory calculations, the chemical identity of the molecules is ignored, and that their orientation is calculated as a function of predefined surface anchoring energy and elastic energy, which are treated as input to the model. Continuum theory has been extremely useful for interpreting and understanding the self-assembly of LCs and their behavioural change with respect to elastic energy and surface anchoring energy changes. For LC droplets of 200-500 nm radius, continuum calculations yield very detailed insights for the mesogens collective properties. 25 Molecular interactions, on the other hand, are expected to become dominant at nm length scales, at which conditions both surface anchoring and elastic energy depend on inter-and intra-molecular interactions. These are the input parameters in our study. The conditions chosen for our study are representative of low mutual solubility between the solvent and LCs. The presence of surfactants can affect these interactions, and therefore control LC order. In the systems we simulated, surfactant molecules tend to agglomerate at the boojums of droplets, regardless of the size of the surfactant tail lengths. This observation is consistent with previous experimental studies in literature for systems containing LC droplets and nanoparticles. 34 In our study, the surfactants are found to have a relatively minor effect in determining the order of LC droplets, indeed because they tend to accumulate at the boojums. Because surfactants are often used to stabilise dispersions, we implement our methods to investigate the coalescence between LC droplets immersed in water, in the presence of surfactants. Our results show that, for the systems considered here, surfactants are not effective at stabilising LC droplet emulsions. This is due to the tendency of the surfactants to accumulate at the droplet boojums, instead of uniformly covering the LC droplets. However, large enough densities of surfactants can in some cases delay LC droplets coalescence.
The remainder of this manuscript is organized as follows: in Section 2 we describe the models and algorithms implemented in the study. In Section 3 we discuss representative results, attempting to identify the molecular driving forces that are responsible for the observations. In Section 4 we summarize our main conclusions, and we comment on their possible relevance for practical applications and future research.
Computational details

Molecular models
The molecular models utilized here are taken from our previous work. 27 The simulations are conducted in a coarse-grained framework. For example, one water bead (W) represents five water molecules. In our models, the liquid crystal molecules (LCs) are composed of 6 beads each. The coarse-grained LC model described here is a representation of LCs from the rodlike mesogens family, which has been widely investigated through computational and experimental studies. Three different surfactants are modelled as rod-coil oligomers. Rod-coil di-block oligomers are a widely-used class of surfactants with varying head and tail lengths. In our simulations, each surfactant molecule is composed of 10 beads. The three surfactants considered have 3, 5, 7 bead-long hydrophobic tails and 7, 5, 3 bead-long hydrophilic heads, respectively. The tails are rigid, representing a rod, while the heads are fully flexible, representing a coil. Consecutive beads are connected with a harmonic spring defined for both surfactant and LC molecules. Bond length potential E bond = k bond Â (r À r 0 ) 2 and bond bending potential
2 are used, where r 0 is 0.6 and y 0 is 1801.
To preserve the rigidity of rod-like LCs and surfactant tails, k bond and k angle are defined as 100k B T/r c 2 and 100k B T respectively, between consecutive beads. For the surfactant head groups, which are flexible, k bond and k angle are set at 50k B T/r c 2 and 30k B T, respectively.
Simulation details
The simulations were conducted by implementing the Dissipative Particle Dynamics (DPD) algorithm. 35 The LAMMPS software package was used. 36 All simulations were performed in the NVT ensemble (constant number of molecules, volume, and temperature), with integration time Dt = 0.01t. As explained elsewhere, 27,37 one integration time corresponds to 14.9 ps.
Configurations were recorded for 10 6 steps (last 0.149 ms of the simulations) after droplets were stabilized. Within these 10 6 steps of simulation production, data are collected in every 10 4 steps and averages of 100 frames are used for quantitative analysis. To ensure that the simulations were properly equilibrated, a minimum of 2 Â 10 6 steps were used to equilibrate the systems containing single droplets. The number of steps was determined based on similar studies in the literature; 38, 39 it was confirmed that equilibration had been achieved by noting that once equilibration was completed, the system pressure and energy did not vary, nor did the orientational order. To ensure reproducibility, each system was simulated three times, starting from different initial configurations. The friction coefficient and the random force which are related by the equation s 2 = 2gk B T, were taken as g = 4.5 and s = 3, respectively. 35 Repulsion coefficients, a ij , which determine the strength of the conservative force between beads i and j are set as shown in Table 1 . During the parametrization it was desired to achieve conditions at which mutual solubility between LCs and the water medium was low. As described in ESI, † our simulations confirmed that (i) at 1.0k B T the LC molecules in droplets are not desolved in water and remain isotropically aligned; and (ii) when the parameter describing the repulsive interactions between water and LC beads was reduced from 50 to 30k B T/r c , dissolution occurred at 0.62k B T. Therefore, we concluded that setting the repulsive parameter at 50k B T/r c described limited mutual solubility at the conditions chosen for this study.
Algorithms
The orientational order parameter (S) is a quantitative alignment tensor that characterizes the distribution of the order of LC molecules within a certain volume. 40 S is calculated by taking the ensemble average of the traceless second-rank tensor for each molecule that contributes to the orientation of the system. 41 S is calculated as a function of a predefined direction vector, chosen as basis for alignment of the LC mesogens:
In eqn (1), y represents the angle between the nematic direction vector and the LC molecule. Calculating the orientational order locally, for a few molecules with respect to their next-neighbours requires many iterative loops. Thus the order parameter was quantified either for the entire droplet or as a function of the distance from the droplet centre (see Fig. S3 , ESI †). Additionally, visual analysis confirms radial ordering is not observed in our simulations: droplets are bipolar, uniaxial, or isotropic. As such, calculating the order parameter with respect to a predefined vector is adequate for this study. Predefining a vector for a spontaneously formed spherical droplet, which is free to move in a liquid over time, is likely to yield inconclusive results. In this study, the direction vector is recalculated for each frame. Then, the second rank tensor of each LC molecule in the droplet was calculated with respect to the direction vector. Averages of such calculations during a simulation are shown in the results section.
To interpret the results shown below, it is worth remembering that S = 0 represents a completely isotropic phase; S = 1 indicates a View Article Online nematic phase with perfect alignment of mesogens. 41 For a nematic bulk phase of LCs, S is 0.4 for high temperatures and 0.6 for low temperatures. 40 
Results and discussion
Nematicity in liquid crystal droplets
It is known that LC nanodroplets dispersed in a medium will eventually coalesce. 22 To study the properties of LC nanodroplets of different sizes, individual droplets were prepared as initial configurations dispersed in model water. Our prior simulations for the LC model considered here showed that, in the bulk, the reduced temperature of 0.7k B T was sufficiently low to provide nematic order, and high enough to allow for molecular motion. At this temperature, we investigated the properties of LC cylindrical structures. 27 Once the LCs are organised in nanodroplets, it is not known how the transition temperature changes with droplet size. To quantify this, we modelled 5 LC droplets of different sizes. Representative snapshots for these droplets are shown in Fig. 1(a-e) . Each droplet contains a different number of mesogens. The radius of each LC droplet was determined by calculating its radius of gyration (r gyr ). 42 The radii of the 5 nanodroplets were respectively. The snapshots in Fig. 1 were obtained at the reduced temperature of 0.6k B T. In these simulations, only LC mesogens and water beads were simulated. The simulation box size varies from 30 Â 30 Â 30 to 50 Â 50 Â 50r c 3 , depending on the nanodroplet size. To identify the transition temperature, these five systems were simulated within the temperature interval of 0.6-0.7k B T, every 0.02k B T, for a total of 30 simulations (each replicated 3 times).
The simulation results were used to generate the orientational phase diagram shown in Fig. 2(a) . For each droplet, we differentiated the order parameter, which identified anisotropic vs. nematic ordering. The results show that the transition temperature from nematic to isotropic alignment changes as the nanodroplet radius varies. It is important to note that as the droplet size decreases, molecular aggregates are eventually obtained. In a previous simulation study, it was considered that 1720 mesogens yield a nanodroplet. 22 Using this number as a threshold, all the systems considered here, except the one in Fig. 1(a) , are nanodroplets. Results obtained when 500 mesogens aggregate are nevertheless useful to provide a complete overview of the systems considered, although they are affected by relatively large uncertainties. At 0.6k B T, all droplets simulated here show nematic alignment, with S between 0.50-0.63. For the droplets of radii 6.2r c and 9.7r c , transition to isotropic phase is observed above 0.64-0.66k B T. At 0.7k B T these droplets possess a fully-formed isotropic phase, with S B 0.22 AE 0.06 and 0.33 AE 0.05, respectively. For larger spherical droplets, the nematic-isotropic transition is observed at temperatures higher than 0.66-0.68k B T.
To put these results in perspective, it should be remembered that, due to the scale of the simulations, LC orientation in the systems considered here is driven by the surface energy. This implies that the mesogens anchor planarly to water molecules at the interface. It is also helpful to relate the results just discussed to those obtained for LC in cylindrical structures. Our prior results for such systems show that, although temperature and density are the same, cylindrical LC structures yield higher orientational order than spherical nanodroplets, regardless of the radius. For instance, at 0.7k B T, in cylindrical LC structures, S B 0.53, 27 while in the spherical droplets considered in Fig. 2 , S is at most 0.38 AE 0.02. This is a consequence of the director alignment preference along the axis of the cylinder. Visual analysis of the LC nanodroplets suggests that their shape is not spherical, but rather elongated. To quantify the deviation from spherical shape we quantified the asphericity 43 of each droplet as a function of temperature. When the asphericity is 0, the shape of a droplet is spherical. The maximum value asphericity can assume is 1, in which case the droplet is extended in one dimension. 44 Our analysis revealed that the asphericity ranges between 0.08-0.34 for all the systems considered in Fig. 2(a) , which means that the nanodroplets are only approximately spherical, unless the temperature increases [see Fig. 2(b) ]. It is likely that increasing temperature reduces the interfacial tension and increases the flexibility of the mesogens, resulting in more spherical droplets. The results in Fig. 2 (b) also show a decrease in asphericity as the radius of the droplet increases. This was expected when size ratio between a single LC molecule and the droplet decreases. Indeed, it would be challenging for few LC molecules within a molecular aggregate (i.e., a few hundred mesogens) to form a perfectly spherical droplet due to their rod-like morphology, which is due to low molecular flexibility. Our results show that once the droplet radius is 21r c , the droplets tend to be spherical. Note also that the error bars become smaller as the droplet radius increases in Fig. 2(b) . The results in Fig. 2 allow us to select the conditions at which to quantify, using simulations, the effect of surfactants on the properties of the LC nanodroplets. Specifically, a droplet chosen for subsequent studies must be in nematic phase and it must be large enough to distinctly separate core and surface of the droplet. For the following analysis, the nanodroplets considered contain 6000 mesogens, so that the conditions are well above the threshold at which molecular aggregates would form, rather than nanodroplets.
Surfactants adsorption on LC nanodroplets
On the nanodroplet of radius 13.6r c (10.42 nm), we investigated the effect of surfactants adsorption. This droplet is large enough to differentiate core and surface. The simulations were conducted at 0.62k B T. The temperature is low enough to obtain nematic order within the droplet, low enough to ensure low mutual solubility between LCs and water, and high enough to allow for molecular mobility. In the DPD formalism implemented, random forces are included to mimic Brownian dynamics, achieved by adding a Gaussian white noise to the forces. 35 It is expected that, because of this random force, the system can escape from local minima in the free energy landscape. To ensure reliability of the results, each system is simulated at least three times. The models for simulating the surfactants were introduced previously. 27 Three morphologies were chosen to represent rodcoil di-block oligomers of the same length, but with different distributions of beads in the tail vs. head-groups. The tails are modelled here as rods, while the heads are modelled as coils. The three surfactants have short, moderate and long tails, respectively. We previously reported that changing the length of the surfactant headgroups does not affect the LCs anchoring, but it rather affects the kinetics relevant for lateral phase separation on the droplets. 27 The interaction parameters are shown in Table 1 . For the three surfactants, simulations were conducted at low surfactant concentration to identify the preferential adsorption sites at the LC nanodroplet-water interface. In all cases considered, 1000 surfactant molecules were added to the 6000 LC molecules, yielding 14 mole%. Representative equilibrated simulation snapshots are shown in Fig. 3 . Visual analysis of the simulation snapshots shows that the surfactants self-assemble at the droplets boojums, regardless of the tail length. At the boojums there is a larger concentration of LC-water interfacial 'defects', which increases locally the interfacial tension. 45 The surfactants clearly adsorb in these locations to reduce the total system energy. The adsorption of the surfactants caused a change in orientation of the LC mesogens located at boojums of the droplets, which became oriented perpendicularly to the interface due to homeotropic anchoring, and as a consequence the droplets became uniaxial. This is reflected in the overall orientational order parameter of these droplets. Without surfactants, the nanodroplets with radius 13.6r c (10.42 nm) were characterised by an order parameter S B 0.57 AE 0.02. In the presence of 1000 surfactants, S increased to 0.65 AE 0.02, 0.73 AE 0.03 and 0.72 AE 0.01, for surfactants with 3-, 5-, and 7-bead-long tails, respectively. To quantify the range of interactions due to surfactant adsorption, the order within LC molecules was studied within core and outer regions. The core was considered within a radius of 7r c from the center, the outer region at distances larger than 12r c . The core region is large enough to contain sufficient LC molecules for quantifying S. It is expected that surfactants would directly affect the outer region, close to the interface. In fact, after the surfactants adsorb the droplet size increases from 13.6 to 15r c . LC molecules located (based on their center of mass) further than 12r c are considered to be part of the outer region. A transitional region could be defined between 7-12r c from the droplet center. The order of LC molecules, shown in Fig. 3 , was also quantified with respect to their distance to the core of the droplet. The results are shown in Fig. S3 of ESI † and reveal that radial configuration was never achieved, probably because of the high orientational order maintained within the core region.
The results (Fig. 3 and Fig. S3 , ESI †) show that the surfactants have a stronger effect in the LC orientation within the outer region. When no surfactants are present, S B 0.40 AE 0.02 in this region, as schematically shown in Fig. 4 . When the surfactants are present, especially for surfactants with long hydrophobic tail groups, more LC mesogens at the boojums became parallel to the direction vector. The S parameter in the outer region became 0.55 AE 0.02, 0.69 AE 0.04, and 0.74 AE 0.02, for surfactants with 3-, 5-, and 7-bead-long tails, respectively. S in the core regions was not much affected by the surfactants. For all cases, with or without surfactants, S B 0.77 AE 0.02 in the core of the nanodroplet. As already mentioned, due to the size of the droplets considered here, LC orientation is surface driven. In other words, interactions between water molecules and LC droplet surface yield a surface force larger than the elastic forces within LC molecules, yielding planar anchoring of LC mesogens with the surroundings. The surfactants affect the interfacial energy, reducing the defects at the boojums, but this contribution is always local.
To quantify changes in nanodroplet shape, the droplet asphericity was calculated. Only the LC mesogens were considered for this calculation. The results showed that adding surfactants with 3-or 5-bead-long tails decreased the asphericity from 0.23 AE 0.04 to 0.08 AE 0.03 and 0.09 AE 0.04, respectively. On the other hand, adding surfactants with 7 bead-long tails did not affect asphericity, which remained B0.20 AE 0.04. This is due to the deformation at the droplets boojums described above.
Effect of surfactant concentration
Because only the surfactants with 7-bead-long tail-groups were able to deform the LC nanodroplets upon adsorption at the droplets boojums, these surfactants were chosen to investigate the effect of surfactant concentration. Their number within the simulation box was increased from 1000 to 1500 for the 6000 LC molecules, which yields a concentration of 20 mole%. The snapshots of the equilibrated structures are shown in Fig. 5 . Visual inspection suggests that the LC nanodroplet surface is almost fully covered by surfactants, the droplet is clearly deformed at the surface, and the surfactants seem to form ordered domains. Quantification of order shows that S decreased to 0.27 AE 0.04. Perhaps more interesting is to point out that in the droplet outer region S decays to B0, because the LC mesogens in this region assume almost every orientation with respect to the direction vector. The mesogens at the nanodroplet core show the same overall orientation as those in the droplet with no-surfactants.
Comparing the results in Fig. 5 to those in Fig. 3 , we conclude that when few surfactants are present, they selfassemble at the droplet boojums regardless of their molecular features. When the surfactant concentration increases, the entire droplet surface can be covered by surfactants, at the expense of a deformation of the droplet. In this event, the LC mesogens at the outer region become perpendicular to the interface, whereas those in the core remain parallel to direction vector. These observations constitute deviations from predictions from the continuum theory, according to which, due to predefined boundaries and interactions at the interface, droplet shape deformation cannot be predicted. These differences are due to the ability of simulations to account for individual mobility of the LC molecules, as well as for their elastic properties (a direct consequence of the model implemented). The simulation results show that while at contact with water the LCs assume a planar orientation, the presence of surfactants can change this orientation to perpendicular. However, the effect is local, as the LC orientation near the droplet centre remains planar. Quantifying how these observations affect practical applications is the subject of future research.
Coalescence of eight surfactant-covered droplets
Apart from surfactants causing homeotropic anchoring, it is important to analyse whether the surfactants are able to stabilize LC nanodroplets in water. For this analysis surfactants with 7-bead-long tails were considered. Two simulations were conducted: (i) droplets covered with 1000 surfactants, and (ii) droplets covered with 1500 surfactants. In both cases, eight LC droplets were simulated in water. To construct the initial configurations, we used the simulation corresponding snapshot in Fig. 3 and 5(a) , respectively, and we replicated them within a larger simulation box: each having the size of 80 Â 80 Â . The simulations were then conducted for 5 Â 10 6 steps, which correspond to 0.745 ms. The results are shown in Fig. 6 and 7 , respectively, where we identify the initial configurations (panel a) and the snapshots after 0.745 ms (b). 1000 surfactant molecules were not enough to cover the entire LC droplet surface, and instead the surfactants agglomerated at the droplet boojums. The simulations (Fig. 6) confirmed that for this system, agglomeration was inevitable: in 0.745 ms, the 8 initial droplets yield 4, two of which maintained their initial size and shape, two of which the result of 2 initial droplets coalescing, and 1 of which the results of 4 initial droplets coalescing. As two LC droplets merge, they yield larger and more spherical droplets, in qualitative agreement with results in Fig. 2(b) . Perhaps interestingly, as the droplets become wider, the surfactants are found to distribute more evenly on the droplet surface. This is because as the droplet size increases, the surface to volume ratio decreases, and the surface density of the surfactants anchored to the surface increases.
When the number of surfactants is increased to 1500 (Fig. 7) , droplets agglomeration occurs more slowly. After 0.745 ms of simulations, only two pairs of droplets merged, yielding 6 LC droplets. The surfactants are found to be more effective at delaying droplet agglomeration because they cover the entire LC droplets surface. It might be interesting to point out that when two LC droplets merge in this situation, the resultant droplet remains deformed. As can be seen from the cross section in Fig. 7(b) , the resultant droplet is not spherical, and some of the surfactants remain trapped inside it after agglomeration.
Because of computer power limitations, we cannot confirm whether the final snapshots shown in Fig. 6 and 7 correspond to the equilibrated system. Analysis of energy profiles suggest that the systems have reached metastable conditions at which long-lived structures have been achieved (they did not change for 0.298 ms), but it is indeed possible that further agglomeration will occur. As the droplet size increases and the surface to volume ratio decreases, the surfactants will cover more and more of the droplet surface, and perhaps will be able to stabilise LC droplets. Experimentally, small LC droplets are used in PDLC applications, where they are trapped within polymer matrix where agglomeration is more difficult than in emulsions. 31, 32 The results in Fig. 6 and 7 suggest that the shape of the LC droplets depends on the surfactant coverage, but also on the droplet size. When the surface to volume ratio is high and the surfactant surface density low, surfactants accumulate at the boojums. For such droplets, as the surfactant concentration increases, the droplet is deformed. However, when the surface to volume ratio is low (i.e., large droplets), it is possible that increasing surfactants concentration will not result in deformations of the droplet.
Conclusions
Using the coarse-grained Dissipative Particle Dynamics approach, we investigated LC nanodroplets at a scale between continuum mechanics and atomistic simulations (4.5-16 nm radius). The results showed both size and temperature dependency on the nematic alignment; droplets of similar size yield nematicity at low temperatures. At high temperature all droplets become isotropic. At a given temperature, larger droplets yield more ordered structures.
At low concentration, surfactants tend to accumulate at the boojums of the droplets regardless of their tail size. However, the length of the surfactant tail group can affect the droplets asphericity. While surfactants with short or moderate tails decrease asphericity, those with long tails did not change it. As their concentration increases, surfactants distribute on the whole droplets surface. These surfactants can affect LC anchoring, but only at the outer region of the droplets, regardless of the size of droplets and morphology of the surfactants.
Finally, we studied the effect of surfactants on LC droplets coalescence. While increasing surfactants concentration can decrease the rate of coalescence, the results suggest that, in our systems, coalescence is inevitable. Although as coalescence progresses, the droplets increase in size and the surface density of the surfactants increases, the simulation results suggest that once the droplets become large enough, their shape tend to become spherical.
The results presented here could help interpret experimental results and guide the design of LC-systems for advanced applications. When using the results in this manuscript to foster practical applications, it should be remembered that the conditions chosen here are such that the mutual solubility between LCs and water is low, the nanodroplets, larger than molecular aggregates, are composed of at most a few thousand mesogens, and the mesogens considered represent the rod-like family. It is likely that the results could change for different mesogens, as well as for surfactants with different features.
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